Accumulating evidence indicates that astrocytes are actively involved in the physiological and 
reportedly devoid of astrocytic Ca 2+ signaling, and thus widely used to explore the roles of Ca 2+ signaling in astrocytic functions. While functional deficits in IP 3 R2-knockout (KO) mice have been found in some reports, no functional deficit was observed in others. Thus, there remains a controversy regarding the functional significance of astrocytic Ca 2+ signaling. To address this controversy, we re-evaluated the assumption that Ca 2+ release from the ER is abolished in IP 3 R2-KO astrocytes using a highly sensitive imaging technique. We expressed the ER luminal Ca 2+ indicator G-CEPIA1er in cortical and hippocampal astrocytes to directly visualize spontaneous and stimulus-induced Ca 2+ release from the ER. We found attenuated but significant Ca 2+ release in response to application of norepinephrine to IP 3 R2-KO astrocytes. This IP 3 R2-independent Ca 2+ release induced only minimal cytosolic Ca 2+ transients but induced robust Ca 2+ increases in mitochondria that are frequently in close contact with the ER. These results indicate that ER Ca 2+ release is retained and is sufficient to increase the Ca 2+ concentration in close proximity to the ER in IP 3 R2-KO astrocytes.
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| INTRODUCTION
Accumulating evidence indicates that astrocytes play not only trophic and supportive roles but also active roles in the physiological and pathophysiological functions of the brain (Barres, 2008; Volterra & Meldolesi, 2005) . Therefore, clarifying the mechanisms for regulation of astrocytic functions has become a crucial issue in neuroscience.
Intracellular Ca 2+ signaling has attracted attention because astrocytes
show robust spontaneous and stimulus-induced Ca 2+ transients (Bazargani & Attwell, 2016; Verkhratsky, Orkand, & Kettenmann, 1998) . Ca 2+ release from the endoplasmic reticulum (ER) via inositol 1,4,5-trisphosphate receptor (IP 3 R) has been recognized as a major component of spontaneous and G q -coupled receptor-induced Ca 2+ signaling in astrocytes. Therefore, to explore the significance of astrocytic Ca 2+ signaling, mice with genetic deletion of IP 3 R type 2 (IP 3 R2) (Li, Zima, Sheikh, Blatter, & Chen, 2005) , which is enriched in astrocytes (Holtzclaw, Pandhit, Bare, Mignery, & Russell, 2002; Sharp et al., 1999; Zhang et al., 2014) , have been widely used. In IP 3 R2-knockout (KO) mice, Ca 2+ transients in astrocytes were considered to be absent based on an imaging study of cytosolic Ca 2+ transients by fluorescent Ca 2+ indicator dyes (Petravicz, Fiacco, & McCarthy, 2008) . Physiological and pathophysiological phenotypes have been observed in IP 3 R2-KO mice, including plasticity and learning (Chen et al., 2012; Kim et al., 2016; Monai et al., 2016; Navarrete et al., 2012; Padmashri, Suresh, Boska, & Dunaevsky, 2015; Perez-Alvarez, Navarrete, Covelo, Martin, & Araque, 2014; Takata et al., 2011; Yang et al., 2016) , homeostasis of K + (Wang, Smith, et al., 2012; Wang, Xu, Wang, Takano, & Nedergaard, 2012) , pathogenesis of stroke, traumatic brain injury and neurodegenerative disease (Dong, He, & Chai, 2013; Kanemaru et al., 2013; Li et al., 2015; Rakers & Petzold, 2017; Saito et al., 2018) , and depression-like behaviors (Cao et al., 2013) . However, several studies have reported no changes in basal synaptic activity and behavior (Agulhon et al., 2013; Petravicz et al., 2008; Petravicz, Boyt, & McCarthy, 2014) , hippocampal synaptic plasticity (Agulhon, Fiacco, & McCarthy, 2010) , and neurovascular coupling (Bonder & McCarthy, 2014; Nizar et al., 2013; Takata et al., 2013) in IP 3 R2-KO mice. These contradictory results have caused confusion about the functional significance of Ca 2+ signaling in astrocytes (Fiacco & McCarthy, 2018; Hamilton & Attwell, 2010; Savtchouk & Volterra, 2018 (Agarwal et al., 2017; Kanemaru et al., 2014; Rungta et al., 2016; Srinivasan et al., 2015) . These IP 3 R2-independent Ca 2+ transients were thought to be mediated by Ca 2+ influx via the plasma membrane (Rungta et al., 2016; Shigetomi, Tong, Kwan, Corey, & Khakh, 2012; Srinivasan et al., 2015) or Ca 2+ release from mitochondria (Agarwal et al., 2017 that allow visualization of Ca 2+ dynamics within the ER and mitochondria with a high signal-to-noise ratio (Okubo et al., 2015; Suzuki et al., 2014; Suzuki, Kanemaru, & Iino, 2016 
| Preparation of viral vectors
To generate adeno-associated viruses (AAVs) for astrocyte-specific expression of GECIs, the cytomegalovirus promoter of pAAV-MCS (AAV Helper Free Expression System, Cell Biolabs, Inc., San Diego, CA) was replaced with the gfaABC 1 D astrocyte-specific promoter derived from pZac2.1-gfaABC1D-Lck-GCaMP3 (Shigetomi et al., 2013) . G-CEPIA1er, CEPIA2mt, GCaMP6f, and ER-YFP were inserted 
| AAV injection
Male C57BL/6 mice or IP 3 R2-KO mice (postnatal day 56-120) were anesthetized with isoflurane (induction at 5%, maintenance at 1-2%, vol/vol, MK-A100, Muromachi, Kyoto, Japan). The mice were placed in a stereotaxic frame (SR-5M-HT, Narishige, Tokyo, Japan). The skull was thinned (about 1 mm in diameter) above the right parietal cortex ), or pAAVgfaABC 1 D-ER-YFP (3.0 × 10 13 vg mL −1 ) was unilaterally injected into the cortex (1.5-2 mm posterior to the bregma, 1-1.5 mm lateral to the midline, and 300 μm from the surface) or hippocampus (2 mm posterior to the bregma, 1.5 mm lateral to the midline, and 1.6 mm from the surface) through glass pipettes. A viral solution (1 μL) was delivered at a rate of 200 nL min −1 using a micropump (Legato 130, KD scientific, Holliston, MA). Glass pipettes were left in place for at least 10 min. Mice were sacrificed at 14-28 days after AAV injection for imaging.
| Preparation of brain slices and imaging
Coronal cortical or hippocampal slices (300 μm in thickness) were prepared as described previously (Edwards, Konnerth, Sakmann, & Takahashi, 1989 Tetrodotoxin (1 μM) was added to ACSF to inhibit neuronal activities throughout imaging. Norepinephrine (NE, 10 μM) and cyclopiazonic acid (CPA, 50 μM) were dissolved in ACSF and administered through the perfusion system of the recording chamber. The excitation wavelength was 900-920 nm. Emitted fluorescence was filtered by a 500-550 nm barrier filter and detected with photomultiplier tubes.
Data were acquired in time lapse XY-scan mode (0.2-0.5 Hz). Experiments were carried out at room temperature (22-24 C).
| Data analysis
Data were analyzed using ImageJ software. Astrocytes were analyzed in layer 2/3 of the cortex or in the CA1 stratum radiatum of the hippo- 3 | RESULTS
| G-CEPIA1er detects Ca 2+ release from the ER in cortical astrocytes
We used a serotype 5 AAV carrying the minimal astrocyte-specific gfaABC 1 D promoter to express G-CEPIA1er in astrocytes of the adult mouse cortex (Shigetomi et al., 2013) . G-CEPIA1er-expressing astrocytes in acute cortical slice preparations were imaged using a two-photon microscope ( Figure 1a ). At subcellular levels, expression of G-CEPIA1er was observed throughout the soma and processes (Figure 1a ). This G-CEPIA1er distribution was consistent with the distribution pattern of the ER in astrocytes (Patrushev, Gavrilov, Turlapov, & Semyanov, 2013) . G-CEPIA1er-expressing layer 2/3 astrocytes were imaged to ana- other cell types shown in our previous studies (Okubo et al., 2015; Suzuki et al., 2014) . In some WT astrocytes, [Ca 2+ ] ER undershot the dynamic range of G-CEPIA1er (Figure 2a,c) . In such cases, response amplitude would be underestimated. Most GECIs including GCEPIA1er are sensitive to pH. To exclude the possibility that the observed changes in the G-CEPIA1er fluorescence intensity was influenced by a change in pH within the ER, we expressed ER-localized YFP that is sensitive to pH but insensitive to Ca 2+ (Suzuki et al., 2014 (Figure 2b,c) . The rate of decrease in G-CEPIA1er fluorescence after NE application was about a quarter of that in WT astrocytes (Figure 2d ). Thus, contrary to the previous assumption, these observa- ] ER (Figure 3 ). There were two types of spontaneous events: a "global" response that showed a synchronous decrease in [Ca 2+ ] ER throughout the astrocyte (Figure 3a) , and a "process-localized" response that was localized at processes with diameters of about 10-15 μm (Figure 3b ). However, we did not find either "global" or "process-localized" responses in IP 3 R2-KO astrocytes ( Figure 3c) 3.3 | IP 3 R2-independent Ca 2+ release in hippocampal astrocytes
Regional differences in the properties of Ca 2+ signaling in astrocytes have been reported (Chai et al., 2017) . To investigate whether Srinivasan et al., 2015) (Supporting Information Figure S1 ). However, these localized [Ca 2+ ] Cyt signals made very little contribution to ΔF/F 0 traces of GCaMP6f averaged within the entire cell ( Figure 5 and Supporting Information Figure S1 ). There are a couple of potential reasons for the puzzling observation.
|
First, the volume occupied by the smooth ER (V ER ) is about 10% of that of the cytoplasm (V Cyt ) (Paumgartner, Losa, & Weibel, 1981) .
Therefore, Ca 2+ released from the ER is 10-fold diluted in the cytosol.
Another possible reason is the difference in the Ca 2+ buffering capacity k (a change in the total Ca 2+ concentration in a subcellular compartment divided by the corresponding change in free Ca 2+ concentration in the compartment) between the ER and cytosol. In many cell types, cytosolic k (k Cyt ) is estimated to be 10-2,000 due mainly to the presence of high concentrations of Ca 2+ binding proteins in the cytosol (Allbritton, Meyer, & Stryer, 1992; Mogami et al., 1999; Neher, 1995; Neher & Augustine, 1992) . However, k of the ER (k ER ) is estimated to be two orders of magnitude less than k Cyt in pancreatic acinar cells (Mogami et al., 1999 ] ER estimated by the ratiometric ER Ca 2+ indicator GEM-CEPIA1er was about −260 μM (Suzuki et al., 2014) . Thus, the product of buffering and volume factors can be described as follows: de Brito & Scorrano, 2010; Hirabayashi et al., 2017; Rizzuto et al., 1998 (Cahoy et al., 2008; Chai et al., 2017; Zhang et al., 2014) and immunohistochemical studies (Sharp et al., 1999; Yamamoto-Hino et al., 1995 shown to be one of the components that physically link the ER to mitochondria (Szabadkai et al., 2006) . IP 3 R3 is considered as a major subtype that mediates Ca 2+ transfer from the ER to mitochondria (Cárdenas et al., 2010; Hayashi & Su, 2007; Mendes et al., 2005) .
Therefore, the involvement of IP 3 R1 and/or IP 3 R3 in mitochondrial Ca 2+ signaling in IP 3 R2-KO astrocytes is now being addressed.
In addition, expression of ryanodine receptor type 3 (RyR3) in astrocytes has been reported (Chai et al., 2017; Matyash, Matyash, Nolte, Sorrentino, & Kettenmann, 2002) . The functional significance of RyR3 was reported in both astrocytic Ca 2+ signaling and motility (Matyash et al., 2002) . Therefore, it also appears possible that 4.4 | Reinterpretation of astrocytic functions in IP 3 R2-KO mice
It has been assumed that Ca 2+ release from the ER is absent in IP 3 R2-KO astrocytes. Thus, the absence of functional deficits in IP 3 R2-KO mice (Agulhon et al., 2010 (Agulhon et al., , 2013 Bonder & McCarthy, 2014; Nizar et al., 2013; Petravicz et al., 2008 Petravicz et al., , 2014 Takata et al., 2013) hydrolyzing enzyme, IP 3 5-phosphatase (5ppase) (Foley et al., 2017; Kanemaru, Okubo, Hirose, & Iino, 2007; Mashimo et al., 2010) .
Indeed, exogenous expression of 5ppase effectively suppresses IP 3 production following IP 3 R-dependent Ca 2+ release in astrocytes (Kanemaru et al., 2007; Mashimo et al., 2010) . Because 5ppase is expected to suppress IP 3 R-induced Ca 2+ release regardless of IP 3 R subtypes, the phenotypic difference between 5ppase-expressing mice and IP 3 R2-KO mice may clarify the role of IP 3 R2-independent Ca 2+ release. In fact, a recent study has indicated that astrocytic expression of 5ppase disrupts sleep (Foley et al., 2017) , whereas sleep disruption was not observed in IP 3 R2-KO mice (Cao et al., 2013) . Although there remains the possibility of developmental adaptation or compensatory mechanisms in these mice and we should confirm the complete disruption of ER Ca 2+ release in these mice, the results suggest that residual Ca 2+ signaling, including IP 3 R2-independent Ca 2+ release in IP 3 R2-KO mice, accounts for the absence of functional deficits in IP 3 R2-KO mice.
In conclusion, the presence of IP 3 R2-independent Ca 2+ release as well as Ca 2+ signaling generated by sources other than the ER limit the use of IP 3 R2-KO mice to assess the role of Ca 
